Background: It is well recognized that adverse events in utero can impair fetal development and lead to the development of kidney injury and hypertension in adulthood. We previously reported a lower kidney index, glomeruli number, and decreased glomerular filtration rate in intrauterine growth restriction (IUGR) offspring induced by maternal protein malnutrition. To explore the molecular mechanisms linking impaired fetal growth to renal diseases, we investigated differentially expressed proteins (DEPs) in the IUGR neonatal kidneys by isobaric tags for relative and absolute quantitation (iTRAQ) analysis. Methods: We induced IUGR through maternal protein malnutrition. Neonatal kidneys were collected; the protein was extracted; pooled before iTRAQ labeling, and subjected to mass spectrometric analysis. Mass spectrometry results were then further confirmed by assessing five representative proteins in individual specimens with quantitative PCR (qPCR), immunohistochemical (IHC) and / or western blot analysis. Results: A total of 367DEPs (263 up-regulated, 104 down-regulated.) with a threshold of a 1.2-fold change and a P value ≤ 0.05 between IUGR kidneys and control kidneys were identified. Further bioinformatics analysis revealed that these proteins play important roles in oxidative phosphorylation, purine metabolism, pyrimidine metabolism, RNA small body, spliceosome assembly and intraflagellar transport (IFT). IFT family proteins (IFT80, 88,144) and PKD2 were shown to be up-regulated in IUGR kidneys, confirmed by western blotting, IHC and Q-PCR. Epigenetic modulating factors SET and MYND domain containing 3 (SMYD3), a histone-lysine N-methyltransferase, and H3K4me3 level were also remarkably enhanced in IUGR neonatal kidneys. Conclusions: This first comprehensive analysis of the neonatal kidney proteome reveals new insights in nephridial development, and may make a valuable contribution towards the identification of the pathological mechanisms involved in the developmental origins of adult disease.
Introduction
Intrauterine growth restriction (IUGR)affects 3%-10% of pregnancies and is recognized as a major cause of fetal and neonatal morbidity and mortality [1, 2] Decreased fetal growth rates reflect an adaptation to an adverse in utero environment and may have long-term effects on metabolism, growth and organ development [3, 4] . Concern over the fetal programming effects of IUGR on the kidney has gained momentum in recent years, as epidemiological and experimental studies have demonstrated a significant association between birth weight and postnatal kidney function. For example, Gray and colleagues reported that IUGR reduces the volume of the fetal kidney and significantly decreases the number of glomeruli, as compared with the normal fetal kidney [5] [6] [7] . Based on IUGR models caused by maternal proteinmalnutrition, we previously reported a lower kidney index, glomeruli number, and glomerular filtration rate in IUGR offspring, with an increased incidence of hypertension, as compared with the control group throughout the postnatal follow-up period [8] , consistent with other reports [9, 10] . IUGR has been confirmed as an independent risk factor for the development of chronic nephrite morbidity, but the underlying mechanisms of the programming effect on the fetal kidney remain unknown.
Studies on human and experimental models of fetal programming have unraveled a variety of factors involved in the pathogenesis of hypertension, including altered vascular structure and function, sex hormones, oxidative stress, inflammation and sympathetic regulation [11] [12] [13] [14] [15] [16] .Vasodilatation was reported to be impaired in low birth weight offspring [13] and children born small for gestational age tend to have increased indices of lipid peroxidation and slightly higher systolic blood pressure, as compared with normal controls [17, 18] . Experimental data support the hypothesis that programming of hypertension by adverse intrauterine conditions may be secondary to oxidative stress [19] . Data from experimental models and human patients have shown elevations in circulating levels of catecholamines in IUGR offspring, while the contribution of the sympathetic nervous system to fetal programming hypertension remains controversial [20, 21] .Sex differences in developmental programming have been confirmed in an epidemiological survey and experimental studies, which have shown that female offspring are more protected from in utero insults [22] [23] [24] .
The mechanism by which the fetal environment programs hypertension and an increased susceptibility to renal injury may involve either intrinsic or extrinsic renal mechanisms or both. Nevertheless, to date, there have been no reported attempts to screen the regulatory factors involved in kidney development of the IUGR neonate using large-scale proteomic analysis. Therefore, the present study investigated the impact of IUGR on the proteome profile of the neonatal kidney using isobaric tags for relative and absolute quantitation (iTRAQ) technology coupled with two-dimensional nano-liquid chromatography-tandem mass spectrometry(2D LC-MS/MS)to explore possible mechanisms underlying the pathogenesis of IUGR-induced kidney injury.
Material and Methods

Establishment of the IUGR animal model
The animal study protocols were approved by the Animal Research Committee of China Medical University. Adult Wistar rats (body weight 230~260 g) were individually housed under specific pathogenfree conditions in an environmentally controlled clean room at the Experimental Animal Center Shengjing Hospital of China Medical University (Shenyang, China).Food and water was provided ad libitum throughout the study period. Female rats were randomly divided into two groups after mating with male rats.The animals in the under-nourished group were fed an isocaloric low-protein diet (7% protein) from day 0 of pregnancy until the delivery of pups, as we described previously [25] , while thecontrol animals were maintained on a conventional diet(23% protein) during gestation. Here, IUGR refers to newborn rats with a birth weight of at least two standard deviations lower than the average birth weight of normal newborn rats.
Protein digestion and iTRAQ labeling
Protein digestion was conducted according to the FASP procedure described by Wisniewski et al. [26] . The resulting peptide mixture was then labeled with 4-plex / 8-plexiTRAQ reagent (Applied Biosystems, Carlsbad, CA, USA), according to the manufacturer's instructions. Briefly, 300 μg of proteins isolated from each sample were mixed with 30 μL of STD buffer (4% SDS, 100 mM DTT, 150 mM Tris-HCl, pH 8.0). Then, 200μL of UA buffer (8 M Urea, 150 mM Tris-HCl, pH 8.0) was used to remove the detergent, DTT, and other low molecular weight components by repeated ultrafiltration (Microcon® Centrifugal Filter, 10 kDa; SigmaAldrich Corporation, St. Louis, MO, USA) at 14000g for 15min. Afterward, 100 μL of 0.05 M iodoacetamide in UA buffer was added to block the reduced cysteine residues and the samples were incubated in darkness for 30 min. The filters were washed with 100 μL of UA buffer three times and then twice with 100 μL of DS buffer (50 mM triethylammonium bicarbonate at pH 8.5). The protein suspensions were digested with Fig. 1 . Diagram of experimental design. Timed-pregnant Wistar rats were fed with low protein diet (IUGR) or conventional diet throughout the pregnancy. A subset of dams was killed on D1, and12 kidneys per group were collected, protein extracted, pooled before iTRAQ labeling and subjected to mass spectrometric analysis. Six iTRAQ labels were used: 115,116 and 117 for the C1, C2 and C3; 118,119 and 121 for the I1, I2 and I3 respectively. Bioinformatics analysis (GO, KEGG Pathway, etc) was used to examine367differential expression proteins. Mass spectrometry results were further confirmed by assessing five representative proteins in individual specimens with immunoblotting. Another subset of dams was killed on D7, 3W and12W; kidneys were collected for IHC, WB, and Q-PCR studies. Peptide fractionation with strong cation exchange (SCX) chromatography iTRAQ-labeled peptides were fractionated by SCX chromatography using the AKTA Purifier system (GE Healthcare, Chalfont St. Giles, UK). The dried peptide mixture was reconstituted and acidified with 2 mL of buffer A (10 mM KH 2 PO 4 in 25% acetonitrile, pH 2.7) and loaded onto a PolySULFOETHYL4.6 x 100 mm column (5 µm, 200 Å; PolyLCInc, Columbia, MD, USA). The peptides were eluted at a flow rate of 1 mL/min with a gradient of 0%-10% buffer B (500 mM KCl, 10 mM KH 2 PO 4 in 25% of acetonitrile, pH 2.7) for 2 min, 10-20% buffer B for 25 min, 20%-45% buffer B for 5 min, and 50%-100% buffer B for 5 min. The elution was monitored by absorbance at 214 nm and fractions were collected every 1 min. The collected fractions (about 30 fractions) were finally combined into 10 pools and desalted on C18 Cartridges (Empore™ SPE Cartridges C18 (standard density); bed internal diameter, 7 mm; volume, 3 mL; Sigma-Aldrich Corporation). Each fraction was concentrated by vacuum centrifugation and reconstituted in 40 µL of 0.1% (v/v) trifluoroacetic acid. All samples were stored at -80°C until 2D LC-MS/MS analysis.
LC-electrospray ionization (ESI)-MS/MS analysis by Q Exactive
Experiments were conducted on a Q Exactive mass spectrometer coupled to anEASY-nLC™ system (ProxeonBiosystems, now Thermo Fisher Scientific, Waltham, MA, USA). A 10-μL aliquot of each fraction was injected for 2D LC-MS/MS analysis. The peptide mixture (5 μg) was loaded into a C18-reversed phase column (Thermo Scientific Easy Column, length, 10 cm; inner diameter, 75 μm; resin, 3μm) in buffer A (0.1% formic acid) and separated with a linear gradient of buffer B (80% acetonitrile and 0.1% formic acid) at a flow rate of 250 nL/min controlled by IntelliFlow technology over a period of 140 min. A data-dependent top10 method was used to acquire MS data and dynamically choose the most abundant precursor ions from the survey scan (300-1800m/z) for fragmentation by higher-energy collisional dissociation (HCD). The target value was determined based on the predictive automatic gain control technique. The dynamic exclusion duration was 60 s. Survey scans were acquired at a resolution of 70,000 at m/z 200 and resolution for HCD spectra was set to 17,500 at m/z 200. The normalized collision energy was 30 eV and the under fill ratio, which specifies the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.1%. The instrument was run with peptide recognition mode enabled.
Sequence database search and data analysis MS/MS spectra were searched using the MASCOT engine (Matrix Science, London, UK; version 2.2) embedded into Proteome Discoverer (version 14.0) against a no redundant International Protein Index Arabidopsis sequence database v3.85 (released in September 2011; 39679 sequences) from the European Bioinformatics Institute (http://www.ebi.ac.uk/). The following options were used to identify proteins: peptide mass tolerance = 20 ppm; MS/MS tolerance = 0.1 Da; enzyme = trypsin; missed cleavage = 2; fixed modification: carbamidomethyl (C), iTRAQ8plex (K), iTRAQ8plex (N-term); and variable modification: oxidation (M), decoy database pattern = reverse.
The MASCOT search results for each SCX elution were further processed using Proteomics Tools software suite (version 3.05), which includes the programs Build Summary, Isobaric Labeling Multiple File Distiller, and Identified Protein iTRAQ Statistic Builder (information can be accessed from the Research Center for Proteome Analysis http://www.proteomics.ac.cn/). The BuildSummary program was used to aggregate protein identifications based on a target-decoy search in shotgun proteomics. All data were reported on the basis of 99% confidence for protein identification as determined by a false discovery rate (FDR) of ≤ 1% using the formula FDR = N(decoy)*2/(( N(decoy)+ N(target)).
The programs Isobaric Labeling Multiple File Distiller and Identified Protein iTRAQ Statistic Builder were used to calculate the ratios of proteins, in which Sample REF was used as reference on the base of the weighted average of the intensity of reporter ions of each identified peptide. The final protein ratios were then normalized by the median average protein ratio for an unequal mix of the different labeled samples.
Bioinformation analysis
The sequence data of 367 differentially expressed proteins (DEPs) were in batches retrieved from the UniProtKB database (Release 2014_02) in FASTA format. The retrieved sequences were locally searched against the SwissProt database (mammals)using the Basic Local Alignment Search Tool (ncbi-blast-2.2.28+-win32.exe) to find homologue sequences from which the functional annotation can be transferred to the studied sequences. In this work, the top 10 BLAST hits with E-value less than 1e-3 for each query sequence were retrieved and loaded into Blast2GO [27] (version 2.7.2) for Gene Ontology (GO) [28] mapping and annotation. The studied proteins were blasted against the Kyoto Encyclopedia of Genes and Genomes (KEGG) GENES (rats) database to retrieve KEGG orthologies (KOs)that were subsequently mapped to the respective KEGG pathways [29] .Global protein expression patterns in neonatal rat kidneys were illustrated using K-means clustering in conjunction with a heatmap and volcano plot (http://www.omicshare.com/ tools/Home/Soft) [30] .Functional classifications of the identified proteins were generated by searching against the IntAct database (Rodentia) with Cytoscape and String database, an online tool.
Protein assay and immunoblotting
Total proteins were extracted with SDT buffer as mentioned above. Histones were extracted from kidney tissues using the EpiQuik™ Total Histone Extraction Kit (EpiGentek Group Inc., Farmingdale, NY, USA) and quantified with the BCA Protein Quantification Kit (Pierce Biotechnology, Waltham, MA, USA). Five proteins were chosen for validation (Table 1 ). Proteins were separated by electrophoresis on 6%-12% agarose gels, depending on the molecular weights of the target proteins, using the Mini Protean III system (Bio-Rad Laboratories, Hercules, CA, USA) and transferred to polyvinylidene fluoride membranes (EMD Millipore Corporation, Billerica, MA, USA) as described by Towbin et al. [31] . The filter was then blocked with 5% nonfat milk for 2 h at room temperature. After incubation with primary antibodies at 4°C overnight, the blot was then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2h at room temperature and imaged using Immobilon Chemiluminesent HRP substrate (EMD Millipore Corporation) and a ChemiDoc XRS Imaging System (Bio-Rad Laboratories). Band densities were analyzed using Gel-analyzer software. Rabbit polyclonal antibodies for intraflagellar transport (IFT) 80, IFT88, IFT144, PKD2, and SMYD3 (25230-1-AP, 13967-1-AP, 13647-1-AP, 19126-1-AP, 12011-1-AP; Proteintech Group, Inc., Chicago, IL, USA) and mouse monoclonal β-actin antibody (60008-1-Ig; Proteintech Group, Inc.) were used as primary antibodies. The relative expression of the target protein is reported as the percentage of the optical density (OD) of the target protein, adjusted with the corresponding OD of β-actin. The levels of d H3K4Me3 (A2357, ABclonal, Inc., Woburn, MA, USA) were determined by western blot analysis with H3 (E1A6359-1; EnoGene Biotech Co. Ltd., Nanjing, China) as a loading control. Experiments were conducted in triplicate for each antibody.
Immunohistochemical (IHC) analysis
The neonatal kidneys were harvested, fixed, and embedded in paraffin. IHC staining was performed on 3-μm sections using standard techniques. In brief, after antigen retrieval, blocking for endogenous peroxidase, and non-specific binding, the sections were incubated with primary antibodies overnight at 4°C in a humidified chamber. Afterwards, the biotinylated secondary antibody (Beyotime, China) was applied for 30 min at room temperature. The reaction products were visualized using 3, 3′-diaminobenzidine tetrahydrochloride and the slides were counterstained with hematoxylin. The primary antibodies were the same as those used for western blot analysis. Imaging under high magnification (400×) was performed using an ECLIPSE Ti microscope (Nikon Corporation, Tokyo, Japan). All images were quantified base on the integrated optical density (IOD) with Image Pro Plus software (ver. 6.0; Media Cybernetics, Inc., Rockville, MD, USA).
RNA extraction and RT-PCR
RNA was extracted from snap-frozen kidney tissues using TRIzol reagent (Invitrogen Corporation, Carlsbad, CA, USA) according to the manufacturer's protocol. The concentration and purity of RNA was determined in duplicate using a spectrophotometer (NanoVue; GE Healthcare, Buckinghamshire, England). For SYBR-based real-time PCR, cDNA synthesis was performed using the M-MLV First Strand kit (C28025-032;Invitrogen Corporation) in a final volume of 40μL following the manufacturer's instructions. To minimize variation in the reverse transcription reaction, all RNA samples from a single experimental setup were reverse transcribed simultaneously. A set of candidate HKGs (hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1), β-actin, α-tubulin, glyceraldehyde-3-phosphate-dehydrogenase (GADPH), RPLP1 and UBC) were chosen to be assessed in the kidney tissues of neonatal rat in both groups (n = 8). The expression stability of these genes was analyzed using BestKeeper software, an Excel-based tool [32] . Among the six internal reference genes, β-actin shows the most stable expression (with "coeff. of corr.
[r]" = 0.94 and "std dev [± CP] <1")) between IUGR and the control group (Fig. 2) . For this reason, we chose Table 2 . Primers for quantitative real-time reverse transcription polymerase chain reaction values have the most stable expression(n = 8 per group), (C) Specificity of PCR products were confirmed by visualized on 2% agarose gels.
β-actin as the reference gene. Real time PCR was performed on LightCycle480 (Roche, Basel, Switzerland) in triplicate. cDNA was added to the reaction mixture containing the specific primer pairs (Table 2) , and diluted with LightCycler® 480 SYBR GreenⅠMaster Mix (Roche, Mannheim, Germany). Specificity of the PCR products was confirmed by analysis of the dissociation curve. In addition, the amplicons' expected size and the absence of nonspecific products were confirmed by analysis of the PCR products on 2% agarose gels, subsequently stained with ethidium bromide and visualized under UV light. The relative mRNA levels were calculated using the 2-ΔΔCt method after normalization with β-actin as a housekeeping gene. All Q-PCR data for RNA expression analysis were calculated using the 2-ΔΔCt method.
Statistical analysis
Data are expressed as means ± SEM. Statistical analyses were performed with the GraphPad Software (San Diego, CA, USA).The Student's unpaired t-test determined statistical significance. Two-sided p<0.05 was considered significant.
Results
Global profiling of proteins in neonatal rat kidney
In this work, 24 neonates underwent high accuracy LC-MS/MS iTRAQ analysis combined with SCX, with 12 rats per experimental group. Using untargeted proteomic analysis, a total of 31,868 peptides matching 5,674 proteins (≥ one or more unique peptides with an FDR less than 1%) were identified.
Identification of significant DEPs
Fold changes of proteins were determined by the ratios of the iTRAQ reporter ions between normal and IUGR kidneys. Using a threshold of 1.2-fold change and a P value ≤ 0.05(this level of fold change was chosen as it can be more easily validated using other biochemical / immunological methods such as quantitative western blotting), 367 proteins (263 up-regulated and 104 down-regulated) displayed significant differential expression between IUGR neonatal kidneys and age-matched control. We also identified significance and magnitude of change in expression of DEPs between two groups, using K-means clustering heatmaps and volcano plot (Fig. 3A, B) .
Bioinformatics analysis of DEPs
To gain insights into the biological changes, the DEPs identified by MS were subsequently classified by bioinformatics analysis. A total of 363 proteins differentially expressed in SPTP were annotated to 4322 GO function entries. Second-level GO terms were applied to classify proteins in terms of their involvement in three main categories (cellular component, molecular function and biological process) and each protein was assigned at least one term. For these identified DEPs, more than 86% (315proteins) were annotated as belonging to the cell compartment, and the other two main categories of these proteins were the organelle (291 proteins) compartments and macromolecular complex (120 proteins) (Fig. 4A) .
According to the molecular function classifications, most of the DEPs are associated with protein binding (173 proteins), catalytic activity (133 proteins), enzyme regulator activity (23 proteins) and transporter activity (22 proteins), (Fig. 4B) . The top three biological processes identified were cellular process (278 proteins), metabolic process (222 proteins), and single-organism process (204 proteins) (Fig. 4C) . In addition, the DEPs were analyzed with the KAAS (KEGG Automatic Annotation Server) to identify pathways that would be potentially affected in IUGR. The top five pathways identified were the Huntington's disease (11 proteins), Oxidative phosphorylation (9 proteins), Parkinson's disease (9 proteins), Epstein-Barr virus infection (9 proteins), and Purine metabolism (8 proteins), (Table 3) .
Primary ciliacomponent proteins investigation iTRAQ data showed there were multiple primary cilia proteins with differential expression, including IFT80, IFT88, and WDR19 (IFT144). Protein-protein interactions, including direct (physical) as well as indirect (functional) associations, were confirmed by the STRING database (Fig. 5A) . In order to confirm the results from the 2D LC-MS/MS experiment, western blotting was used to quantify the expression of IFT80, IFT88, and WDR19 (IFT144). These IFT family proteins were chosen as they localize to the primary cilia, and primary cilia have previously been implicated in kidney development. We also investigated the expression of PKD2, the dominant gene for polycystic kidney disease (PKD), Table 3 . List of main KEGG pathways which has been found to localize to the primary cilia, although it was not detected by iTRAQ analysis. Protein levels of primary cilia components were quantified by western blotting with β-actin as the housekeeping protein. Maternal protein restriction and subsequent IUGR significantly increased kidney primary cilia component levels compared with control, and confirmed the iTRAQ data (Fig. 5B, C) .We further investigated protein distribution by IHC in the kidney. By IHC, IFT80 and IFT88 share the same localization pattern, with high staining Intensity in tubule cells and low Intensity in glomeruli cells (6A-D), While PKD2 protein mainly localized in the tubule cells, they were not detected in glomeruli cells (Fig. 6E, F) . Binding specificity was confirmed by replacing the antibodies with nonimmune rabbit IgG (not supplied). No difference was observed in the localization pattern of primary cilia factors in normal and IUGR kidneys; however, all three factors appear to be higher expressed in IUGR kidneys, evidenced by IOD analysis (Fig. 6G) .
Primary cilia components mRNAs in kidney during development
To explore the expression changes of the DEPs occurred at transcription stage or translation stage, Q-PCR was applied to detect the mRNA level of five candidate proteins in the kidney at different stages of development. Similar to the protein data, we observed an increase in IFT80 and IFT144 mRNA levelsat D1, whereas it restored to normal at D7 (Fig. 7B, C) . IFT88 mRNA increased significantly at 3W (juvenile stage) and 12W (adult stage) compared to same-aged control (Fig. 7A) . PKD2 mRNA in neonatal kidney of IUGR Epigenetic modulating factors investigation iTRAQ data showed that SMYD3, a methyltransferase for H3K4 was up-regulated in IUGR neonatal kidneys. In western blot analysis, SMYD3 protein was markedly increased, consistent with the iTRAQ data. Accordingly, H3K4me3 level was remarkably enhanced in IUGR neonatal kidneys (Fig. 8) . 
Discussion
IUGR indicates that the fetus has failed to achieve its full growth potential. Decreased fetal growth rates reflect a temporary adaptation to the adverse intrauterine environment, but may lead to malfunction of organ systems later in life. Epidemiological studies have demonstrated that adverse intrauterine environments during fetal life may lead to diseases in adulthood, such as type 2 diabetes, hypertension and chronic kidney disease. Experimental models also provided data supporting a link between adverse intrauterine environment and adult disease. Both uteroplacental insufficiency and calorie restriction in pregnant rats led to high blood pressure in their adult offspring [33] . We have previously shown that a low maternal protein diet during pregnancy results in lower kidney index, glomeruli number and decreased glomerular filtration rate in IUGR offspring, with an increased incidence of hypertension [8] . Although the link is established, the underlying mechanisms are not clearly demonstrated.
In this paper, we applied the sample-pooling comparative proteomics method to investigate the differences in kidney proteome profiles between neonatal IUGR rats and normal rats. In addition, we conducted an in-depth study on the space-time changes of DEPs in IUGR offspring, with the goal of elucidating the kidney injury mechanisms underlying IUGR. We identified a total of 367 proteins that showed significant differences in expression profile. Functional classification of these differential proteins showed that they play important roles in oxidative phosphorylation, purine metabolism, pyrimidine metabolism, RNA small body, spliceosome and IFT. These DEPs might participate in postnatal kidney disease and subsequent hypertension in IUGR rats.
IFT family proteins displayed significant differential expression in IUGR neonatal kidneys. These proteins, including IFT80, IFT88and IFT144, belong to the primary cilium complex A (144) and B(80,88) module [34] . The primary cilium, a slim microtubule-based organelle that projects from the surface of vertebrate cells, has been located on almost every mammalian cell type [33] . Cilia are essential for certain developmental signaling pathways and mechanosensory functions, like detecting flow or mechanical movement and inducing an influx of Ca 2+ [24] . Numerous human diseases and developmental abnormalities have been linked to defects in ciliary structure or in cilia-localized proteins, including polycystic kidney disease (PKD), hepatic and pancreatic defects, obesity and skeletal patterning abnormalities. [32, 35] .Sarah Goetz defined the cilia as a signaling center during vertebrate development for its role in modulating Wnt and Hedgehog (Hh) signal transduction [36] . In kidney, cilia were showed to be modulators of canonical and non-canonical Wnt signaling activities involving tubular epithelial cells. Downregulation of essential ciliogenesis genes, including Ift88 in murine cells, lead to elevated nuclear β-catenin accumulation and enhanced transcriptional activity of canonical Wnt target genes [37] . Moreover, IFT88 homolog was shown to be a regulator of the cell cycle in non-ciliated, tissue culture cells and to play a role in spindle orientation [38] . The role of cilia in kidney development and injury is complex and it has not been studied in depth, to date. Thus, additional experiments that examine Wnt or Hh signaling in IUGR offspring will be required to elucidate the effect of IFT family proteins on fetal kidney development.
Epigenetic regulation of gene expression is important for integrating signaling input and transcriptional output during organ development. However, to date, little is known about how malnutrition intrauterine affects the epigenetic modification of embryo kidneys in IUGR models. Histone lysine methylation has been widely accepted as a key epigenetic modification. SMYD3 is a methyltransferase for both H3K4 and H4K5 [39, 40] . It is of vital importance for cardiac and skeletal muscle development during zebrafish embryogenesis [41] . H3K4me3 plays a crucial role in regulating mammalian gene expression and embryonic development [42, 43] , evidenced by the fact that it occupies as many as 75% of all human gene promoters in several cell types (e.g., ES cells) [44] .
The present study first showed that SMYD3 levels were enhanced in IUGR neonatal kidneys, which might methylate H3K4 in kidneys. Increased H3K4me3 levels are positively
